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E INFO ABSTRACT 
g 
l CO2 drying 
g 
Polyelectrolyte complexes (PECs) based on Alginate and Chitosan were prepared for biomedical appli­
cation. These two biopolymers are valuable resources for biomedical applications. ln the present work, 
three PECs materials were produced using three different drying techniques: hot air drying, lyophiliza­
tion and supercritical C02 drying. The choice of the drying technique allowed producing different type of 
structures, with different porosity scale. ln order to evaluate their potential as intra-abdominal wound mistry dressings, swelling ability in various media, enzymatic resistance and drug release behavior of the result­
ing materials was studied. lt was shown that the increase of the porosity improved the swelling ability, 
without altering the resistance of the materials, whereas drug release studies revealed that the majority 
of the drug was released within the first 24 h whatever the drying process. 
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ceering, the 3D structure can be a key factor to control in order
o obtain sufﬁcient cell colonization and biological activity (Annabi
t al., 2010). At the same time, the rigidity of the structure is deter-
inant for an efﬁcient cell culture (Haugh, Murphy, McKiernan,
ltenbuchner,&O’Brien, 2011). Too soft structure canavoid any cell
dhesion whereas too hard structure can lead to strongly attached
ellswith reducedmotility (Kidoaki &Matsuda, 2008). For this pur-
ose, thedesignof thedevelopedmatrix is a crucial step, anddrying
laboration can afford desired properties.
In the literature, a lot of research’s focus on the inﬂuence of
he polymer ratio, the DA of chitosan, the M/G repartition of algi-
ate or the technique of homogenization on alginate/chitosan PECs
roperties. To the best of our knowledge, only few studies report
he effect of the drying process on alginate/chitosan blends and
re centered on the supercritical drying (Bueno, Moraes, de Sousa,
Braga, 2016; Raman, Gurikov, & Smirnova, 2015). The compar-
son of the drying process on the PECs is thus not well reported.
owever, in the case of alginate (Ho et al., 2004; Quraishi et al.,
015) or chitosan (Kassem, ElMeshad, & Fares, 2014; Kim & Lee,
011) pure ﬁlms, the drying inﬂuence the structure of the result-
ng material. Hence, we think the drying process is a key point and
ropose a comparative study of simple processed PECs dried with
ither hot air, lyophilization or SCC drying. With the same early
tages elaboration process, we expect variations of the biomaterial
tructure and properties by varying only the last step of manufac-
uring. In addition, alginate/chitosan PECs are generally evaluated
s potential external wound dressing. One could however expect
hat the resulting PECs should offer interesting properties for
ntra-abdominal applications. In particular, pancreatic surgerymay
equire dressings to avoid pancreatic juice excretion after partial
ancreatectomies. In this purpose, the materials’ obtained struc-
ures were observed by scanning electron microscopy and their
hysico-chemical properties were determined. Porosity, mechan-
cal behavior and swelling properties as well as degradation were
nvestigated and are reported here in order to evaluate their poten-
ial as gastro-intestinal wound dressings.
. Materials and methods
.1. Materials
Sodium alginate medium viscosity, chitosan, calcium chlo-
ide, phosphate buffer saline (PBS) and acetic acid were
urchased from Sigma-Aldrich and used as received. Eosine
isodique was furnished by DistriBS, sodium dihydrogenophos-
hate by RectaPur, disodium hydrogenophosphate, sodium
ydroxide, Tris(hydroxymethyl)aminomethane (TRIS) and
ris(hydroxymethyl)aminomethane hydrochloric salt (TRIS,
Cl) by Fischer and pancreatin from porcine pancreas (PPP) by
cros organics. All experiments were performed in distilled water.
Polysaccharides were characterized as previously reported
Castel et al., 2017). The G/M units ratio of alginate was esti-
ated by NMR (Vilén, Klinger, & Sandström, 2011) to M/G=2,93.
ts Mw was determined by viscosimetry with  and  parame-
ers known as 1.13 and 6.9×10−4 ml g−1 (Martinsen, Skjåk-Bræk,
midsrød, Zanetti, & Paoletti, 1991), respectively, to be 96kDa. The
eacetylation degree (DD) of chitosan was estimated to be 81% by
he Shigemasa method (Shigemasa, Matsuura, Sashiwa, & Saimoto,
996) and its Mw (=0.93, =1.81×10−1 ml g−1 (Kasaai, 2007))
qual to 1 200kDa..2. Elaboration of the polyelectrolyte complex
A solution containing 0.34% v/v acetic acid and 1.5% w/w of
hitosan, and a solution of 1.5% w/w of sodium alginate wereprepared overnight using a mechanical stirrer, 500 rpm. The two
solutions were then poured into a glass petri dish with a mass ratio
of 63/37 alginate/chitosan and mixed using an Ultra-Turax mixer
(11,000 rpm) for 10min. The resulting PEC was then partially dried
in an oven at 50 ◦C overnight. A treatment with a 1% w/v CaCl2 was
then performed for 3h. Afterwards, the geliﬁed PECs were washed
thoroughlywithdistilledwater3 times. Threedryingmethodswere
then used.
2.3. Hot air drying − xero
The freshly partially dried PECs were placed in an oven at 50 ◦C
overnight, until the mass was constant. Plate semi-transparent
ﬁlms were obtained and are referenced as Xero.
2.4. Lyophilization − lyoph
Partially driedPECswere frozen in liquidnitrogenand left 2days
under reduced pressure (4.10−4 mbar) in a Heto CT 60e lyophilizer.
White, expanded foamswereobtainedandare referencedas Lyoph.
2.5. Super critical CO2 drying − SCC
In order to avoid gel shrinkage, water was gently replaced by
ethanol by 10min successive baths of 1 0%, 30%, 50%, 70% and
100% (v/v) EtOH/water mixtures and then two times in 100% abso-
lute EtOH (Robitzer et al., 2011). The resulting alcogels were then
placed in a CO2 super critical dryer (Polarion 3100). The vat was
ﬁlled with CO2, the system purged 3 times and re-ﬁlled. When no
EtOH was detected any more, the temperature was set to 45 ◦C and
the pressure to 100bar in order to reach supercritical conditions.
The sampleswere left 20minbeforedepressurization. The resulting
samples were white and quite soft and are referenced as SCC.
2.6. Characterizations
2.6.1. SEM
Scanning electron microscopy (SEM) imaging was performed
using a FEG-FEI Quanta 250, operating at 5 kV. Before observation,
samples were recovered by 10nm of platinum.
2.6.2. Volumetric experiments
In order to determine the surface area, the Brunauer, Emmett
et Teller (BET) method was performed using a Micrometrics Tris-
tar II analyzer. Samples were degassed in situ at 353K for one
night prior to analysis. Adsorption-desorption isotherms of nitro-
gen were plotted at 77K.
2.6.3. Swelling
Swelling studieswere done at RT in different solvents: H2O, PBS
buffer (pH 7.4, [Na] =137mM) andTRIS buffers. TRIS buffers were
prepared either by adjusting pH of a TRIS, HCl salt solution with
NaOH, referred as “TRIS/NaOH buffer” (pH 7.4, [Na] =7mM) or by
the TRIS base coumpound, referred as “TRIS” (pH 7.4). The percent-
age of swelling of mass (or volume) was calculated through the
equation:
Sw =
mf − mi
mi
× 100 (%)
Where Sw is the swelling in termsof percentage,mf is theﬁnalmass
(or volume) of the sample and mi its initial mass (or volume).2.6.4. Enzymatic environment evaluation
In order to study thebehavior in an enzymaticmedium, swelling
and degradation studies were performed at 37 ◦C in a pancreatic
simulated media containing 3,5 g L−1 of pancreatin from porcine
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iancreas (PPP) in phosphate buffer (Na2HPO4 and NaH2PO4) pH
. Swelling measures were performed using the same protocol
s described above. The enzymatic activity of PPP was evaluated
ollowing the Phadebas Amylase Kit test protocol. Brieﬂy, PPP solu-
ions were treated with Phadebas Amylase tablets at 37 ◦C for
5min and subsequently with a 0.5M NaOH solution. The mix-
ures were then centrifuged (1500g). The supernatant was taken
nd centrifuged another time. The supernatant was then analysed
hrough UV–vis spectroscopy using a SHIMADZU UV-1800 spec-
rometer (620nm). At t = 0, the enzymatic activity of an 8mg/L
olution was determined as 953 Units per litre (U/l). The activity
as then calculated as 80%±10 after two days, compared to t=0,
sing the formula:
ctivity
(
U/l
)
= 60 × e−5,8908+
√
70,8436+13,9082×ln(Absorbance)
For the degradation studies, the media was thus replaced every
wo days in order to keep an efﬁcient enzymatic activity and the
xperiment was continued for 14 days. A control sample was made
ith a xerogel placed in a buffer pH 8,without enzymes. The degra-
ation was evaluated with the following formula:
=
mf
(
Vf
)
− mi (Vi)
mf
(
Vf
) × 100 (%)
hereD is thedegradation in termofpercentage,mf (Vf ) is theﬁnal
ass (volume) of the sample and mi (Vi) its initial mass (volume).
.6.5. Drug release studies
Release kinetics studies were done in phosphate buffered saline
PBS) solution (pH 7.4). Samples (10×10mm) were ﬁrst placed
n buffers containing 0.5 g/L of eosin for 12h. After impregna-
ion, the mass of each eosin/PBS solution was measured in order
o determine the remaining volume (density was considered as
qual to 1); the eosin concentration was evaluated by UV–vis spec-
roscopy using a SHIMADZU UV-1800 spectrometer (517nm). The
emaining eosin quantity was then compared to the initial eosin
mount to get the mass of eosin incorporated in the PECs samples
incorporated. After impregnation, sampleswere thenplaceddirectly
n an eosin free PBS solution under gentle agitation and aliquots
ere taken at the desired time for 3 days. Volume was main-
ained constant by replacing aliquots by eosin free PBS solution.
ach aliquot was analyzed through UV–vis spectroscopy (517nm),
nd the cumulative released eosin mass was calculated via the for-
ula mreleased =maliquot, were maliquot correspond to the mass
f eosin removed within the aliquot. Percentages of release were
etermined as the ratio of mreleased x 100/mincorporated.
Release curves were ﬁtted with the Korsmeyer-Peppas model,
wing to the equation mreleased/mincorporated =Ktn, where K is a
eneral descriptive constant, called release rate constant and n is
he release exponent (Dash, Murthy, Nath, & Chowdhury, 2001;
orsmeyer, Gurny, Doelker, Buri, & Peppas, 1983). The ﬁtting was
erformed using a power type equation with a conﬁdent interval
f 95%.
. Results and discussion
.1. Structural characterization
The three obtainedmaterials were all made of alginate/chitosan
lends. However, they presented various aspects (Fig. 1). Hot
ir samples (Xero) were semi-transparent whereas freeze drying
Lyoph) resulted in relatively thick foams. Supercritical dried sam-
les (SCC) were macroscopically between Xero and Lyoph, that is
o say thin and opaque. These observations let to expect different
nternal structures.Fig. 2 shows the SEM pictures of Xero, Lyoph and SCC. Xero
samples showed compact structure, with no external macroporos-
ity. The liquid/air surface energy tends to collapse PECs polymer
chains during the drying process and explains the formation of a
compact xerogel. Nonetheless, collapsed planar sheets are present
and led to the presumed oriented collapse of PEC network. This
orientation can reasonably be explained by the “plane by plane”
superﬁcial water evaporation during the process. The use of other
drying methods prevented the collapse of the polymer chains and
the resulting materials showed macroporosities.
The lyophilization process implies the freezing of thewater con-
tained in thePEC.Despite the eliminationofwater, the freezing step
is a key point during the lyophilization process. Various techniques
are possible, but herein, the freezing stepwas performedbyquench
freezing type process, using liquid nitrogen (Kasper & Friess, 2011).
In solution, this type of freezing induces a fast freezing rate, with
the formation of small ice crystals followed by directional solidi-
ﬁcation. In our case, water is trapped within the PECs. The water
crystals grow quickly while freezing, limiting polymer reorganiza-
tion. Large water crystals are thus formed within the material and
the following sublimation extracts the water which leaves place
for relatively large cavities. The frozen state of the PECs prevents
any structure collapsing as it rigidiﬁes the structure and avoids any
polymer solvation. As a result, networked sheets with intercon-
nected pores were obtained, as already observed in the literature
for alginate (Annabi et al., 2010; Cuadros et al., 2015) or chitosan
(Annabi et al., 2010; Kassem et al., 2014) hydrogels. Additionally,
a “surface skin” was formed at the bulk/air interface, due to water
evaporation induced surface tension, as generally observed for this
type of drying (Ho et al., 2004). Supercritical CO2 (SCC) drying is an
alternative method to lyophilization and avoids the freezing of the
samples. In counterpart, water has to be ﬁrst replaced by ethanol
to obtain an alcogel. As PECs/ethanol interactions are not favorable,
a slight shrinkage was observed, and it may be that a slight mor-
phology change occurred (Robitzer et al., 2011). Ethanol is miscible
with CO2 and can then be replaced by successive CO2 baths in the
supercritical chamber. After being brought below its critical point,
CO2 was evacuated from the chamber. The advantage is that the
supercritical state of CO2 eliminates liquid/air interface and thus no
surface tension existswhile drying (Cardea, Baldino,Marco, Pisanti,
& Reverchon, 2013; Robitzer, David, Rochas, Di Renzo, & Quignard,
2008). No denaturation, e.g. collapsing, occurs during the process.
The obtained structure was a 3D nanoﬁbrillated structure, which
should be close to hydrogel structure. These observations correlate
bulk densities: 860, 40 and 220mgcm−3 were obtained for Xero,
Lyoph and SCC samples, respectively (Table 1). These densities can
be linked to the collapsed or expanded states during the drying,
and the lower densities obtained for Lyoph samples are explained
by the fact that no bulk collapsing occurs during the whole process
in addition to the hole formation during water freezing expansion.
The BET methods results are presented in Fig. 3. Due to its col-
lapsed state, Xero showedno adsorption,which is consistentwith a
low surface area and thus no or poor porosity. This type of isotherm
was already reported for polysaccharides (Robitzer et al., 2011). N2
sorption studies are not suitable for large pores, e.g. macroporosity.
By the way, Lyoph and SCC were shown to have a type IV isotherm,
characteristic of mesoporous materials (Fig. 3a and b). This kind of
isotherm is explainedby the formationof anadsorbedmonolayer at
lowpressure,meaning that a slight adsorbed amountwas detected,
followed bymultilayer formation so a strong increase in adsorption
was observed. Also an H3 type hysteresis can be observed, describ-
ing slit-shaped pores (Leofanti, Padovan, Tozzola, & Venturelli,
1998; Rio, Aguilera-Alvarado, Cano-Aguilera, Martínez-Rosales, &
Holmes, 2012). Higher adsorbed quantities were observed for SCC
samples, and surface areas of 160 and220m2 g−1 for Lyoph and SCC
samples, respectively, were then calculated (Table 1).
Fig. 1. The three different materials: (left) a hot air dried Xero, (middle) a freeze dried Lyoph, and (right) a supercritical dried sample SCC.
Fig. 2. SEM images of a) and b) xerogels, c) and d) lyophilized, and e) and f) SCC samples. Image magniﬁcations are adapted to the different kind of structures and architecture
scales obtained.
Table 1
Structural properties of samples.
Sample type Bulk density (mg/cm3) Surface area (m2/g) C-BET Net molar energy of adsorption (kj/mol)
a
p
c
m
t
t
s
p
P
o
pXero 821±80 –
Lyoph 37±2 160
SCC 175±31 220
Cumulative pore volume indicated a large pore volume for SCC,
round two timeshigher than Lyoph (Fig. 3c). This result canbe sur-
rising owing to the higher bulk density obtained for SCC, but the
umulative pore volume measured by the adsorption/desorption
ethod does not take into account the large macroporosity of
he material, leading to a wide undervaluation of this value. In
his case, the measured value for Lyoph, which has a microsized
tructure, has to be carefully considered. However, the cumulative
ore volume plot is revelatory of the higher mesoporosity of SCC.
ore size distribution conﬁrmed that in addition to macropores
bserved through SEM, Lyoph and SCC samples presented meso-
orosity (Fig. 3d). Indeed, both present pores starting from 10nm– –
160.8 3.3
206.6 3.4
width up to 100nm. The more numerous pores had width around
25nm for both dried samples, but the mean pore sizes were about
28 and 35nm for Lyoph and SCC, respectively. A narrower pore size
distributionwas thus observed for Lyoph compared to SCC. This can
be consistent with the freeze drying process: the ice formation is
a homogeneous process and leads to similar pores throughout the
material.
In addition to the microscale shape observed by SEM, the BET
measurements then showed that the overallmesopore volume and
the pore size distribution can be directly tailored by the choice of
the drying process.
samp

f
e
t
s
t
i
i
s
a
m
b
s
v
2
f
h
t
a
i
t
m
cFig. 3. Isotherms of adsorption and desorption of (a) Lyoph, and (b) SCC
Additionally, the neat molar energy of adsorption, deﬁned as
E=Eads-EL, where Eads is the adsorption energy and EL the lique-
action energy (5.6 kJmol−1 pourN2), can be calculated through the
quation E=RTln(C-BET), where C-BET is a BET constant reliable
o the strength of the interaction between adsorbate (N2) and the
urface (Robitzer et al., 2011; Trisunaryanti, 2009). E represents
he difference of energy between surface/N2 interactions involved
n the ﬁrst adsorption layer formation, and the liquefaction energy
nvolved in following layer adsorption, and is characteristic of the
urface. It was found to be 3.3 kJmol−1 for Lyoph (C-BET=160.8)
nd 3.4 kJmol−1 for SCC (C-BET=206.6) (Table 1). It gives an esti-
ation of the afﬁnity between the gas and the solid, but has to
e carefully considered while looking for mesoporous materials, as
mall pores tend to artiﬁcially increase this value. By theway, these
alues are in the range of polysaccharide values (Robitzer et al.,
011). These are relatively high, which is consistent with PECs sur-
aces. Indeed, as a PEC results from electrostatic interactions, it is a
ighly polar material. This high polarity favors a speciﬁc organiza-
ion of quadripolar N2 molecules as it adsorbs on the surface, and
llows dense layers to form.
Finally, the similar netmolar energy obtained for Lyoph and SCC
ndicates that interactions between alginate and chitosan within
he PECs are not inﬂuenced by the drying process. Nonetheless,
odiﬁcation of the internal structures (not only meso- but espe-
ially macroporosities) are characteristics that are directly drivenles. (b) cumulative curves of pores volumes and (d) dV/dlog(w) curves.
by the drying step. In the following section, the inﬂuence of these
variations will be discussed.
3.2. Swelling properties
The swelling properties were investigated in terms of mass and
volume (Fig. 4). A previous study reported that swelling ability of
alginate/chitosan PECs is related to the hydrophilic character of
alginate (Castel et al., 2017). Herein, we clearly determined that
an increase in the surface area leads to higher swelling abilities
of the matrices. After 24h, samples were considered full and by
introducing porosity, swelling can be multiplied by more than 2
times in the case of the SCC, compared to the Xero. Lower swelling
degree (1600%, in TRIS pH7.4) for dried alginate under supercriti-
cal CO2 (Quraishi et al., 2015) was reported. The Lyoph matrices
showed intermediate absorption around 4 000%. Similar results
were obtained with lyophilized cross-linked carboxymethyl chitin
(Zhao, Wu, Chen, & Xing, 2015) (in phosphate buffer, pH 7.4). We
can also mention that freeze dried chitosan sponge showed only 2
000%of absorption (in2%agarwater) (Kassemet al., 2014). All these
results indicate an interesting water uptake ability of the present
matrices, especially for the supercritical drying.
Additionally, volume variations showed that xerogels tend to
widely increase their size while swelling (up to 2 300%). Indeed,
the collapsed chains permit an extension of the structure. On the
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ther hand, aerogels, and especially Lyoph, were not able to grow
s their structures were already expanded.
However, owing to the electrostatic character of PECs, the sur-
ounding media can be of critical importance in term of swelling
bilities. The inﬂuences of three buffers were evaluated: PBS (pH
.4), TRIS/NaOH (pH 7.4) and TRIS (pH 7.4). The presence of PBS
buffer pH 7.4) in the media tends to strongly reduce the absorp-
ion abilities of Xero and SCCmaterialswhereas it has no signiﬁcant
ffect on Lyoph samples (Fig. 5). A diminution was also observed
or the TRIS/NaOH and TRIS buffer (same pH, 7.4). In opposition,
istilled water is slightly acidic. One could assume this effect is
H driven: at pH 7.4 the amines of chitosan are partially deproto-
ated (pKa of 6.3 (Pillai, Paul, & Sharma, 2009)). This deprotonation
s supported by ATR-FTIR measurements (Supporting information,
ig. S1).
Two hypothesis can then be drawn: i) the reduction of charge
f the chitosan moieties results in less favorable hydrophilic
nteractions with water and ii) the deprotonation leads to the
ecomplexation of the PEC which can result in a partial solubili-
ation of alginate. In both cases, the resulting effect on the swelling
ercentages is a diminution. Nonetheless, the lower swelling
iminution in the case of TRIS/NaOH and, more importantly, TRIS
uffer, in the case of SCC, leads to assumption of the inﬂuence of
he nature of the buffer salt on the PEC. Especially, we assume
he formation alginate excess cross-linking is destroyed while Na+
eplaced Ca2+ ions, and the PECs structure tends to collapse and/or
olubilize, as observed by ATR-FTIR (Supporting information, Fig.
1) and energy dispersive X-ray spectroscopy (EDS, Supporting
nformation Table S2). The presence of Na in the media could also
acilitate the xerogels expansion while forming Na-alginate inter-
ctions and thus partially counterbalance the negative effect of
he increase of the pH on the absorption ability of the material.
ence, for Xero, TRIS treatment exhibited the lower swelling per-
entage, as this solutioncontainonlypossible trace sodiumcontent.
he independence of Lyoph to its surrounding medium could be
ttributed to the relative large pores of Lyoph, responsible for the
ajor part of the absorption of water. The water included in these
arge cavities is less affected by the state of the polymer. Even if the
aterial is affected by the pH and/or the presence of phosphates,
ts overall macrostructure is kept intact.
.3. Behavior in enzymatic mediaMaterials behavior was evaluated in pancreatin from porcine
ancreas (PPP) in order to evaluate their potential interest as
ancreas wound dressings. Indeed, it can arise that, after partial
ancreatic resection; some pancreatic juice can leak through sur-entages of Xero, Lyoph, and SCC in water, 24h.
gical sutures. Absorption and resistance against these leakages are
properties that a material should have in order to help pancre-
atic surgery. The solution was buffered with a sodium phosphate
salt. PPP is an enzymes digestive cocktail produced by the exocrine
cells of pancreas. It contains, amongothers, amylase, trypsin, lipase,
ribonuclease and protease and is supposed to join the duodenum to
help digestive functions. The enzymes activity depends on the tem-
perature and the pH. Each enzyme has a pH dependent optimal pH,
but an overall pH set to 8 allows efﬁcient activitywhile reproducing
the biological environment of this juice (Worthington Biochemical
Corporation, 1972). The swelling over 24h was measured (Fig. 6,
right). The uptakes of the three materials signiﬁcantly decreased
compared to those obtained above in media without enzymes. The
higher uptake was obtained for Lyoph samples (1300%), while SCC
(1000%) and Xero (790%) remained low. The sodium contained in
the buffer salt would explain this decrease, as the possible degra-
dation due to enzymatic activity.
However, as potential wound dressings, materials have also to
exhibit resistance topossible harsh conditions. Degradation studies
were performed in the same enzymatic media for 14days (Fig. 6,
left). Despite the harsh conditions, the mass loss is not due to the
enzymatic activity, as was shown by comparing samples with a
control in water. It should be more related to partial solubiliza-
tion of polysaccharides, especially alginate which is water soluble
and affected by the presence of sodium in the buffer salt. Indeed,
it was already shown that chitosan has a better resistance to this
pancreatic medium than alginate which degraded by 6days (Castel
et al., 2017). By theway, the presence of enzymes seems to stabilize
all of the three materials. In all cases, the degradation rates stayed
under 35% after two weeks. Two weeks is generally the minimum
time needed to achieve good healing. These degradation rates are
low enough to ensure a good conservation of the wound dressing
properties during the healing, but at the same time are not so low
that a second operation would be needed to remove the wound
dressing. However, we see that the SCC exhibits a lower degrada-
tion, indicating a higher resistance, probably due to its more highly
interconnected nanometric structure which maintains a cohesive
state.
3.4. Drug release
Drug release studies were performed in order to determine the
ability of the 3 types of sample to incorporate and release eosin
over time and to relate them to their structure. Results are shown in
Fig. 7. In order not tomodify the structure of PECs, the loaded eosine
matricesweredirectlyput in the releasemediawithoutbeingdried.
Fig. 5. Inﬂuence of the media on the swelling rate.
Fig. 6. (Right) swelling and (left)degradation percentages in pancreatic medium after 14days in 3,5 g L−1 PPP in phosphate buffer (Na2HPO4 and NaH2PO4) pH 8 at 37 ◦C.
Reference sample was a xerogel placed in a buffer pH 8, without enzymes.
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After being immerged in an 0.5 g L−1 eosin bath for 12h, the
ropped eosin per gram of PEC was estimated by indirect assays to
e of 92±4mg/g, 102±10mg/g and 80±11mg/g for Xero, Lyoph
nd SCC samples, respectively. One could expect that by increasing
he surface area, the quantity of adsorbed hydrophilic eosin wouldof percentages of incorporated eosin.
increase. This phenomenonwas observed between Xero and Lyoph
but SCC, which had a larger surface area, showed lower adsorption.
The water uptake of SCC is decreased by the presence of PBS which
explains this phenomenon, as already discussed. This effect could
however be ampliﬁed by the modiﬁcation of the material due to
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he process. Indeed, the passage via an alcogel needed to process
CC could lead, as EtOH is less polar thanwater and is a non-solvent
or PECs, to the modiﬁcation of the superﬁcial conformation of the
olymer chain and then to the reduction of its hydrophilicity. At
he same time, Lyoph samples are quickly frozen so no confor-
ation modiﬁcation is possible and then hydrophilic moieties are
till externally oriented. This would increase its afﬁnity to eosin.
his explanation is relativized by the similar neat molar energy of
dsorption obtained for SCC and Lyoph samples. If this energy has
o be carefully considered, the contribution of the macrostructure
f Lyoph has to be added to the equation.
In all cases, the three samples seem to reach the maximum of
umulative release after one day (Fig. 7). The relative eosine libera-
ion showed Lyoph exhibited low percentages of release compared
o Xero and SCC. This observation is in agreement with the fact that
yoph samples have much more afﬁnity with eosin than SCC sam-
les. However, not a huge difference was observed between Xero
nd SCC in terms of percentage of excretion. We would explain this
y the fact that Xero has a much more compact structure and that
osin would be located at the outer region of xerogels. The follow-
ng release would be faster than Lyoph, but still seem to be slightly
ower than for SCC.
The diffusion through the sample volume should also be consid-
red. All samples were taken with the same surface, but the Lyoph
amples were much thicker. As a result, the distance from the sam-
le core to the external medium is much more important for these
amples. A reduction of the release quantity can then be obtained.
The release kinetic was ﬁtted by the Korsmeyer-Peppas model
or percentages of release inferior to 45% (30% for Lyoph), which
orrespond to the linear part of the log/log curves (Fig. 8, dashed
ines) (Dash et al., 2001; Korsmeyer et al., 1983). This model is indi-
ated for polymeric materials and gives the descriptive parameters
, the release rate constant, and n, the release exponent. The low
eviation between the linear ﬁt and experimental curves indicated
hat the release is mainly driven, at these low release percentages,
y diffusion process. In polymeric porous materials, two diffu-
ion processes can basically be kept in mind: diffusion of the drug
hrough the water-ﬁlled pores and, as the polymers swell, diffu-
ion through the swollen polymer is to be considered (Korsmeyer
t al., 1983). K incorporates the overall solute diffusion and geo-
etric characteristics of the system. In our case, matrices were
lready swollen when the release started. K parameter showed to
e higher for Lyoph and SCC samples, which is consistent with thenes) and linear ﬁtting plots (dashed lines).
higher surface area of these samples: the higher interfacial contact
area between the polymers and the water led to a faster swollen
polymers/pore ﬁlled water drug exchange, then a straightforward
diffusion could be achieved and diffusion resistance was lowered.
The higher K calculated for Lyoph samples can be attributed to
the larger macropores of these structures which facilitate water
diffusion. Parameter n gives information about the release mecha-
nism. All types of samples gave n exponents between 0.60 and 0.70.
These values are characteristic of a non-Fickian (also called anoma-
lous) diffusion behavior (Costa & Sousa Lobo, 2001; Dash et al.,
2001). This type of diffusion is relevant to a polymer-solvent-solute
system, indicating that the already swollen polymer obstructs the
eosinediffusion.Despite the steric barrier, this is alsodue to the car-
boxylate function of eosine, able to interactwith chitosan’s amines,
thus the PECs materials do not act as inert support matrices: these
PECs/eosines interactions limit the release and around 40% of the
amount of antiseptic remains in the matrices after two days. After
this period, a very low release rate seems to occur.
4. Conclusion
In this work, we proposed the comparative study of three dif-
ferent drying techniques and their structural and physicochemical
impact on alginate/chitosan PEC’s as potential gastro-intestinal
wound dressings.
The choice of drying process can highly affect the structure of a
given polysaccharide material, and allow the tuning of its porosity
and also its internal organization. More precisely, classic hot air
drying led to a compact xerogel, whereas lyophilization and SCC
drying gave rise to 3D architectures, with either a sheets network
or a nanoﬁbrillar structure, respectively.
If the structure varies strongly, its impact on the physico-
chemical was mainly observed on the swelling ability of the
designed materials. Especially, by introducing a macro and micro
porosity the swelling ability is strongly increased. However, the
swelling is directly related to the external medium, and the higher
porosity does not systematically imply the higher uptake. Indeed,
the optimal material is dependent of the surrounding media. Addi-
tionally, we showed that evaluation in pancreatic juice simulated
media signiﬁcantly reduced the swelling ability. Evaluations of
these materials should then be performed owing to the desired
application in order to drive the choice of the drying process. In
all cases, the increase of porosity does not involve a decrease in the
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Hnzymatic resistance. In addition, the drying process could produce
change in the interactions between the matrix and the eventual
rug molecule, which can modify its release ability. Incorporation
f the eosin before the drying process would be an interesting per-
pective in order to obtain a swelling-controlled release system,
ossibly able to increase the release time, as the swelling of the
olymer during the release is a factor that slows down the diffu-
ion. All these observations showed an interesting potential for the
hree kind of materials as gastro-intestinal wound dressings and
he choice of the drying process would not have to be neglected.
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Supporting information 
 
Figure S1: ATR-FTIR spectra of (A) Xero, (B) Lyoph and (C) SCC samples after various 
treatments, recorded on a Perkin Elmer Frontier spectrometer (resolution : 4cm-1). These 
data support the hypothesis that Na replaces the Ca ions, especially in the case of PBS 
treatments, with a shift from Ca-COO- (1596 cm-1) to Na-COO- (1603 cm-1). In addition, 
the pH 7.4 lead to a decrease of the NH3
+ chitosan band (1530 cm-1), thus PEC 
decomplexation could occur. The increase of cationic amines NH3
+ in the case of 
TRIS/NaOH and TRIS buffers is attributed to the tris(hydroxymethyl)aminomethane 
amines linked to the alginate COO- [1]. 
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[Ca]/[Na] [Na] Xero Lyoph SCC 
Water - 1 1 1 
PBS 137 mM < 0.01 < 0.01 < 0.01 
TRIS/NaOH 7 mM 0.23 0.04 0.06 
TRIS - 0.55 0.57 0.59 
Table S2: [Ca]/[Na] ratios measured by EDS analyses of Xero, Lyoph and SCC samples 
after 24 h in various media. The [Ca]/[Na] ratios were normalized to the ratios measured 
on samples treated in water. Measurements were performed using a FEG-FEI Quanta 250, 
operating at 30 k with a working distance of 10 mm, a magnitude of x100 and a take off 
angle of 31.09 °. Before analysis, samples were recovered by 5 nm of platinum. Collected 
data were treated with EDAX Genesis software in order to calculate the [Ca]/[Na] ratios. 
Presented values correspond to the mean of three measurements. [Na] refers to the 
concentration of sodium in the designated solution. 
